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A STUDY OF APATITE AND RET,ATED PHOSPHATES 
IN THE SYSTEM CaO-MgO-P2o5-~o 
ABSTRACT 
Apatite was synthesized hydrothermaJly at tempera-
... 
tures of 800°C and 600°C and total pressure of one kilobar. 
" 
·, Under these conditions, substitution of magnesium in 
apatite is limited to less than 1.3 mol per cent. 
Precipitation of apatite was carried out at 100°C 
by titrating solutions of (Ca+Mg)-acetate against solutions 
These apatites show an increase in water 
' 
content, and decrease in both crystallinity and refractive .. 
index with increased Mg/(Ca+Mg) ratio of the solutions. 
Solutions with 'the Mg/(Ca+Mg) ratios higl1er .. than 0.30 .fail 
to precipitate apatite, but yield an amorphous phase having 
a calcium/phosphorous ratio of 1.42. Calcium~free solutions 
precipitate an tn1identified phase with mean refractive index 
of 1.534. 
Another method used to form apatite at 100°C was 
precipitation by the slow release or calcium and magnesium 
from EDTA to a phosphate bearing solution. This release 
was promoted by addition or hydrogen peroxiqe to the 
solution. These apatites characteristically have abnormally 
large values of' 8.o (9.456 to 9.465 .l). These ao values s]J.ow 
no relation to Mg/( Ca+Mg) ratios of the solution; ho'tvever, 
Co values decrease from 6.888 l in the magnesium-free 
solution to 6.842 l in solutions with Mg/(ca+Mg) ratio of 
1 
T 
2 
0.15. An amorphous phase having calcium/phosphorous ratio 
of 1.30 rormed from solutions with Mg/(Ca+Mg) ratios highe~ 
than 0.20. 
The apatite-bobbierite bouridary at 25°c is in the pH 
range of 7.5 to 8.o, and magnesium concentration range ot 
~ 0-3.0 -2.5 the initial solutions from l M to 10 M. 
Solubility of natural fluo:raapatite and analytical 
re.agent tricalcium phosphate ( TCP) is increased by MgC12 
in the solution. Ion products for hydroxyapatite (TCP) 
are inaooa.sed :f!,om 10-l07 in distilled water to 10-96 in 
solutions with Mgcl2 concentration of 10-5·0M. Ion products 
for fluorapati te are fucreased :Crom 10-104 in distilled water 
to 10-91 in solutions with MgC12 concent;ation of 10-5.0M. 
With Mgcl2 concentration higl].er than 10-5.0M bobbierite is 
formed. 
A phase diagram for the join ca2P2o7-Mg2P2o7 was ~_f 
determined for temperatures between 700°c and 1200°c at 
atmospheric p~essura. An intermediate compound, with 
approximately equal proportion~ of ca2P2o7 and ~Ig2P.2o7 
exists on this join. Eutectics exist at 1125±25°C and 20 mol 
per cent Mg2P 2o7, and at 1175±25° C and 80 mol Per cent 
Mg2P207. 
The join CaHPo4-MgHPo4 was investigated hydrothermally 
at 200°C. Ca.HPo4 was formed f'rom mixtures rich in ·calcium, 
and an unidenti.fied phase formed from mixtures rich in 
magnesium. This phase, with mean refractive index of 
Ml, 
• 
1.560, is probably MgHPo4. 
It is suggested that the formation of marine 
phosphorites is governed by magnesium content of the wate~ 
in which they form. 
;, . 
:·~· 
:, 
• 
. :,1 
' ' 
.. . 
\ . 
INTRODUCTION 
General statement 
Apatite is the most abundant of' minerals containing 
phosphorous, and is widely distributed in igneous, meta-
morphic and sedimentary rocks. Hydroxyapatite is of biologi-
cal importance, as it comprises the mineral constituent of 
teeth and bone. Apatite is lmown to acconnnod.ate many 
foreign elements, however a general formula ror hydroxy-
apatite can be written as ca10 (Po4)6 (oH)2 • 
' 
Some magnesia is shown in chemical analyses of 
apatite, and because of the abundance of magnesium in 
natural systems, and its chemical similarities to calcium, 
it might be expected to influence the formation of apatite. 
Simpson (1966a) provides some evidence that this is so, 
and Keppler (1963) has demonstrated the importance of 
magnesium in the structure of octacalcitnn phosphate (OCP, 
Ca4H(Po4>3·2·5~0). To further determine the effect of 
magnesium ions on apatite, a portion of the quaternary 
. . ... 
Both Uwet" and· "dry" methods of synthesis· have been 
used in the experin1ental study of apatite. "Dry" synthesis 
inyolves solid-solid reactions, and because or slow reaction 
. rates requires high teraperatures. Jat:f'e ( 1951) lists 600° C 
as the lowest temperature of "dry" synthesis, although 
hydrothermal techniques yield_well crystallized apatite at 
temperatures as low as 400°c (Simpson, 1965; Posner and 
4 
•, 
Perloff, 1957). "Wet" s:yn.thesis is generally carried out ~ 
under atmospheric pressure, and is consequently limited 
in maximum tempera tur.e by the boiling point of the solution. 
The apatites in this study were prepared by both "wet 11 and 
11dryn metho·ds :of synthesis. 
Previous 11ork · 
Van 1~1azer ( 1958) p:c)'int.s out. it·h:e $i-mil.a.rit,y in stoichio-
metry ahd stability b.etween phases of the> system CaO- T-> 2o5-n2o, 
ancl those of the sys.-tem l-1Ig.O-P2o5-!r2o! Irnpor-tant exceptions, 
howeve1.,, ar$ the absence o-r ma£snesiu:m. a.nal.:o.gi1e·s f'or a.patite: 
,and· octacalcilurt p~osphat_e: {·oc-J'). (f'i.g.u.re ·-l} .. ITo qt1aternary 
phases have been 1:reported within the system. CaO-T·Tg0-2 2 o5-H2o, 
ancl tl1os·e _phas.es. con.tai>r1i:Y1g .1Jotl1 calcium and magnesium :"are: 
fou..'}cl only in the a;nhydroµs ternary system Ca0 .. 1"fgO-P20.5• 
·rn. ·t.he ·qin.a.ry· sy_~te.m. OaO-T-TsO, the .. end members are the 
I 
-only· s·t·a1Jle c .. ry:stallin.e :p:hase s, 1-1ith s'<)l:i.q soluti.on. ,o:f either 
·1ess tl1an 2 i-reight- p(3:r; cent at·. te_rtlp-e:r .. ~t1.1re.s bel·o~r 1600° C 
ti, (Damon, tl al., 1963). . ·'. . l . In the system CaO-P 2o5, all repo!'te? 
pl1ases are unstable i-:ri tJJ.~· p·resence of r1oisture, except 
ca3(Po4)2 , Ca2P207, ati.d Ca(P03) 2 (Tramel,~ §.1_., 194_8). 
This iS analoi:;ous to the system HgO-P2o5 (Berak, 1958). 
'Ternary studies· in the system CaO-HgO-P 2 o5 have been limi te.d 
to the join ca3 (Po4 )2 -Mg3 (Po4)2 • Tl1ese revealed the 
I 
eJeistence of the ternary compounds Ca/Ig3 (POL1_)4 (Ando, 1958) 
and ca4Mg5( Po4J6 (Bohrownickt,, 1959). 
/ 
.. 
A. 
.... c . 
Ca3 P04 2 Ca(Po3>2 
Ca2P207 
-Ca 
----. --------·-·:-·· __ -
.. 
6 
B.~ 
Mg(OH) 
MgO Mg3 (P04) 2 Mg(Po3 )2 P205 
l'1g2P207 
MgO 
Figure 1. Composition plot of some phases in the system 
0aO-MgO-P205-H20• 
-
.. 
•• 
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' -
.. 
.. 
. ? 
7 
;Ei?cperiments 
Equilibrimn substitution of magnesium f'or calcium in 
apatite should be minor because the ionic radius of magnesium 
is thirty per cent smaller than that of' calcimn. However# 
metastable substitution, as round in carbonates (Goldsmith, 
1953; Chave, 1952) is possible. Therefore, an attempt ·was 
made to promote equi-librium in all experiments, mainly by 
prolonging reaction times. This may have been unsuccessTul 
in son1e cases, but indications of equilibrium, or at least 
a steady state, are shown by the consistency of the results. 
In the stud¥ or the system CaO-Yi.gO-P2o5-H2o, eight 
series or experiments were conducted. Each series will be 
described separately, and their possible geologic and 
biologic significance will be discussed in the £inal se~tion. 
Some experiments with aqueous sol utio:q.s were conducted 
at 100°C, using two methods to synthesize apatite. The 
first consisted of direct precipitation by titrating a O.lM 
Na2HPo4 solution with 0.02M solutions of (Ca+Mg) acetate. 
Apatite was precipitated in the second method by slowly 
~ 
releasing calcium from EDTA to a phosphate bearing solution. 
Apatite was formed at 25°C by the reaction of-~aicium 
carbonate with phosphate-bearing solutions, using the method 
described by Ames (1959), and modified by Simpson (1964). 
In one study the pH of the phosphate solutions was varied, 
and constant quantities of magnesium were introduced by 
mixing reagent Mgco3 powder with low alkali reagent Caco3• 
i 
~' 
J 
. /. 
'., 
'· 
.... 
'-, 
In another study, pH was kept constant and magnesium 
content was varied l:>Y the addition of a Mgco3 bearing 
solution. Also investigated at 25°c was the effect of 
8 
Mgcl2 concentration on the solubility of reagent hydroxy-
apatite and natural fluGrapatite • 
Hydrothermal techniques were used to investigate 
limits of magnesium substitution in apatite. This was 
done _at temperatures of' 8oo0 c and 600°c. As all hydrous 
phases except apatite deconipose at teniperatures l:>elow 600°C 
(Weast, 1966),, these experiments will be discussed with 
reference to the anhydrous system CaO-MgO-P2o5, a:t"though 
water was present in all charges • 
. 
The pyrophosphate join, ca2P207-Mg2P2o7, has not been I 
preViously investigated. Because compounds on this join are 
likely to form under certain experimental conditions, the 
pyrophosphate join was also studied. Along with this, a 
reconnaisai:lce study was made of the join CaBPo4-MgHPo4 at 
200°0. 
·~. 
:,~· 
· ... 
······· ·-···---··-.. . -· •, --··· """ --····--·-
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HYDROTHERMAL APATITE 
Introduction 
The studies of apatite in the.system CaO-~,gO-P2o5-~o 
were concerned more with solid-liquid relations between 
apatite and magnesium bearing solutions than with magnesium 
in the apatite. It was first necessary to know the limit 
o:f solid solution of magnesium in apatite,. as it would 
a:ffect the solid-liquid relations. Consequently, the 
first part of the entire study was designed to determine . 
the substitution limits or magnesium for calcium in 
apati ta. 
~ 
Limits of solid solution generally increase, and 
reaction rates are more favorable, with increased tempera-
ture; therefore the hydrothermal syntheses were carried 
out at relatively high temperatures, 800°0 and 6oo0 c. 
.m;P e :rime~~ s 
Starting materials consisted of analytical reagent 
tribasic calcium phosphate, dibasic calcium phosphate, 
calcium oxide,, magnesium oxide, and MgHPo4• JH2o. The 
calcium oxide and magnesium oxide were prepared by cal-
cination of the carbonates at 900°c. The MgHPo
4
.3H
2
o 
was prepared from reagent materials as described on 
page 72. 
. 
Thirteen mixes were prepared .fI"om these chemicals 
(table 1). These mixes were packed in gold tubes, 20 ml.a 
of distilled water added, and the tubes welded shut. Each 
9 
·--· -· ·- ----- ···------~. ·--,- .. ····•· ·-·. ·-· - ...... ····--·,··- ·--·-·--·----· ... . 
;, 
/ 
TABLE l. HYDROTHERMAL APATITES: CONDITI01'TS OF SYNTHESIS, COMPOSITION OF CHARGES, LATTICE DIMENSIONS, AND REACTION PRODUCTS 
,ec-/ 
• APATITE TIME COMPOSITION OF CHARGE, Mol % LATTICE DI:ME!NSIONS A MH # T°C (days) MgO CaO P205 ao Co 
r 
• • • 100 800 5 o.o 67.0 33.0 9.421±.001 6.882±.001 
~ 
100 600 14 o •. o 67.0 33.0 9.420±0001 6.879±.011 
102 800 5 o.o 75.2. 24.8 9.423±0002 6.886±.001 
105 800 5 o.o 67.6 32.6 9.421±.001 6.882±.001 
105 600 17 o.o 67.6 .J2.6 9.416±.005 6.879±.001 
101 800 8 0.5 66.3 33.2 9.421±.00J. 6 .• 882±.001 
101 600 12 0.5 66.3 33.2 9.428±.005 6.870±.003 
54 800 5 1.3 78.7 22.0 9. 4-1.8±. 002 6.876±.001 
106 800 4 6.1 73.2 20.7 9.425±.001 6.882±.001 
106 600 14 6.1 7.3.2 20.7 9.419±.001 6 •. 882±.001 . 
107 800 5 11.5 65.4 23.1 9.420±.001 6.882±.001 
103 800 7 34.0 44.0 22.0 9.418±.001 6.866±.001 
104 800 10. 45.0· 33.0 22.0 9.422±.001 6. 878±. 0·01 ·). 
*{Z-1\p = apatite; W = whitlockite; TCl-iP = (Ca,Mg) 3 (Po4)2 • + = unidentified 
·., 
J'..ol'.. 
" ' PRODUCT 
Ap+ 
Ap+ 
Ap+ 
Ap+ 
Ap+ 
Ap+TC11P 
Ap+TCMP 
Ap+ 
Ap ( euhedral) 
+w 
Ap+ 
Ap+ 
Ap+W+TCMP 
-r~tg( OH) 
Ap+ 
r"'."· 
o·. 
'• 
i, I 
r 
r , . 
; 
.,. 
.11 
· charge was pla.ce_d · in cold-seal hydrothermal· reaction 
vessels and subjected to 1 kbar total pressure. The mixes, 
'temperatures and time of synthesis are shown in table 1. 
At the end o~ the reaction period, the reaction vessels 
:-.,.. 
were cooled to room temperature over a period of one-half 
hour. A portion of tl1e charge was examined by X-ray 
di.ffraction, and the remainder was air dried for petrographic 
0 
examination. 
ResuJ. ts 
. . 
Reaction products from each charge are "shown in 
table 1. A second phase coexists with apatite in each 
charge. Sufficient quantities of the extraneous phases 
,. 
were available for X~ray identification only in certain 
\ 
charges, and petrographic identification was hampered by 
inherent instability of the second phase in air. However, 
the ext1.,aneous phase can be in.ferred on the basis of charge 
compositions. Lattice dimensions of the apatites are given 
in table 1. 
Although excess wa.ter was present in a1·1 charges, 
the com;positions of charges have been projected to the 
anhydrous face of the system ~O-CaO-MgO-P2o5 (,i'igure-·2). 
Also shown are lattice d-imensions of apatites rormed from 
these charges at 800°c. T'nese lattice dimensions show·no 
discernible relation to the anhydro'us compositional 
variations. 
10 •101 19 .42i1 
05 ~.88~ 
102 19- 4231 (9. 8B~ 
.19.418 106 194261 if:>. 876 • L6.EE2J 
75 70 65 
0 2 5· , . 
. .-:.·· ... ·· .. 
60 55 
Mole\percent 
to 
103 
34%MgO 44%Ca0 
22%P2o 
50 45 
•• 
. -e---. -'• 
40 35 
Figure 2. Composition or charges and lattice dimensions or hyd~othermal apatites 
--./ formed at 8oooc. 
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Discussion of Results 
Because the ionic radius of magnesium is thirty per 
cent smaller than that of calcimn, any substitution of 
magnesium for calcium in apatite shottl.d produce marked 
changes in lattice dimensions. The lack of correlation 
between lattice dimensions and MgO of charge, as shown in 
figure 2, suggests that little, if any, substitution of 
magnesium occurs in these apatites. It is not known whethe~ 
the variations found can be accounted for by variations 
in water content of the crystals, because the crystals were 
not analyzed. Excess water has been reported to occur in 
hydrothermal apatite (Simpson, 1965), and it may be a 
variant in these apati tea. Both the a.o and c 0 show a 
slight decrease from 800°C to 600°C. The difference may 
be a result of some water substitution • 
,, 
S' 'i,- • 
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1 
' 
' 
Q 
~ .... ; ·,,' .,,,•, 
APATITE FORMED BY THE TITRATION :M:ETHOD 
Introduction 
The apatite products of low temperature synthesis 
are markedly different from those of high temperature 
syntl~esis. For example, the hydroxyapatites of high 
temperature synthesis generally have Ca/P of 1.667, and 
refractive index around 1.640, whereas low temperature • 
' apatite. is characterized by a wide range or values ror 
co2 and, H2o content, Ca/P ratio.,·· and refractite indices • 
• Ho. Also, crystallini ty~' of these apatites is generally too 
podr for meaningful X-ray dif.fraction studies. Because of' 
these differences it is convenient to consider synthetic 
( 
apatites as comprising a high temperature series and a 
low temperature series. The high temperature experiments 
cannot be extrapolated to many geologic and biologic 
environments until the relations between these two series 
are understood. Consequently, much of this study or-
apatite in the system CaO-Mgo-P2o~~O involved low 
temperature syn.thesis, and thus has a more direct appli-
cation to many natural systems. 
;E;xveriments 
Analytical reagent chemicals were used to prepare 
solutions of 0.02M calcitm1 acetate, 0.02M: magnesium acetate, 
~}ttcrystallini ty" · is used as defined by Termine and Posner ( 1967). 
; 
l 
,; 
15 
The acetate solutions were mixed to 
give a range of mole ratios of Mg/(Ca+Mg). These acetate 
solutions were added dropwise, at a rate of 7.5 ml/sec., 
to the Na2HPo4 solution, maintained at a temperature of 
95°c. Solution concentrations were such that a large 
excess o:C P over Ca+l1g ~,as maintained. Amounts of solutions 
mixed, and the resultant precipitates, are shown in table 2~ 
A study was made &>to deter~ne if any change resulted 
from digestion of the precipitates formed in the calcium-
free, magnesium-free, and several intermediate solutions. 
A split or the solids were examined innnediately after 
precipitation, and the remainder was kept in solution, which 
was covered with aluminum foil, and held at 90°C for up to 
forty hours. During this time, a split or the solid was 
periodically examined and compared with the first. No 
\ 
change,.as detected ·in these samples, and it was concluded 
that 9-igestion of le.tar precipitates wo1.lld not be worth-
while. Consequen-tly, all precipitates were filtered, while, 
hot, through-1.2 micron millipore filters, washed with 2or 
mls of cold distilled water and dried over calcium chloride 
in a vacuum dessicator. Each precipitate was examined by 
X-ray diffraction and petrographic microscope both before 
and ai'ter drying. 
Results 
Apatite was the precipitate formed in all solutions 
with the mole ratio of Mg/(C~+Mg) less than 0.30. With, 
•" ,' , ·r.~4 ~ ... 1·:·-r .. -:-::·:·:;-:··-· 
' ·. · .. ('.''_ 
"' ·., 
~·-
-
•••. I ' ·~·•. ' ·,r~·. 
TABLE 2. PROPORTIONS OF SOLUTIONS MIXED BY THE TITRATION METHOD AT 95°C, TO PRODUCE THE PRODUCTS LISTED. 
Mls of Mls of Mls of Mg/ Experiment O.lM .02M • 02!1 (Ca+ Solid 
• Number Na2HPo4 Ca(Ac )2 Mg(Ac) 2 Mg ) Product 
MA-1,13 500 250.0 o.o o.oo Apatite 
MA-9,14 500" 237.5 12.5 0.05 Apatite ,. ~ MA-7 ,15 225.0 25.0 0.10 Apatite + ) unknown 
/. 
MA-10,16 ,,500 212.5 37.5 0.15 Apatite 
MA-11,17 , 5·00 200.0 50.0 0.20 Apatite + 
unknown 
MA-18 500 187.5 62.5 0.25 Amorphous 
!1A-12 500 175.0 75.0 0.30 Amorphous " 
MA-1+ 
.500 o.oo 250.0 1.00 Unknown 
. ( see table 3) 
c· 
·:-. 
,,_. 
·,;,, 
~ 
• 
Mg/(Ca+Mg) ratios above 0.30 an amorphous phase was formed, 
except for the calcium-rree solution, in which an unknown 
phase, A, was precipitated. X-ray diffraction data for 
phase, A, and its heated produc~t at 800°C, are given in 
" 
table 3. The intense peak1 at 9.61 A, which is lost at 110°0 
along with much of the water, suggests water layers in the 
structure of this phase. 
Partial chemical analyses of these precipitates, and 
···~. 
' the.ir mean refractive indices, are given in table 4,. and 
plotted against solution }ig/( Ca+Mg) ratio in figure .. 3-. 
Content of Na2o and co2 is not listed, although analyses 
of sample MA-1 give 2.6 wt% Na2o, and 2 wt% co2 • Duplica-
tion of these experiments yielded refractive indices up to 
±0.010 different from those listed. However, those listed ., 
~ 
are f'or the solids which were analyzed. The unlmown phase A 
appeared as an isotropic powder under the microscope, ahd 
had a mean refractive index of 1.534. It was analyzed only 
for water content, round to be 29 wt%. 
It is evident from f'igure 3 that the content of CaO 
and MgO in the apatite is independent of the Mg/(Ca+Mg) of 
the solution. However, there is a general increase in 
water content, and decrease in P2o5 content, with higher 
Mg/{Ca+Mg) ratios of solution. The mean rerractive index 
decreases f'rom 1.612 in the apatite precipitated from the 
magnasium-rree solutions to 1.573 for apatite formed in 
solutions with Mg/(Ca+Mg) of 0.20. The amorphous phase 
:·i: 
·" 
f 
·~ 
< 
TABLE 3. X-RAY DIFFRACTION DATA FOR PHASE "A" 
AND THE PRODUCT FOfiliED BY HEATING PHASE ''A" 
FOR 24 HOURS AT 850°G. 
Phase "A tt Heat Product 
Degrees 
dfl. I/Io Degrees 29 20 dl 
a.5 10.40 65 11.55 7.636 
9.2 9.61 100 15.18 5.869 
15.8 5.61 3·5 20.50 4.322 
21.3 4.17 :1,.0· ... 21.60 4.114. 
28.7 .60 r 22.40 3.969 3 .11-r .... 
30.3 2.95 :2~ 23.10 3;850 
I 
31.L~ 2.85 .50: 24.40 3.648 
33.3 2.69 5. 25.90 3. lµJ.O 
{@I 
35.7 2.52 .50 28.00 3.187 
40.2 2.24 .. 20 28.20 3.164 
#' r, 
51.6 1.77 15 . ··- - . 29.90 2.988 
· 32.10 2.788 
·£11 32.50 2.755 
38.80 2.321 
35.85 2.505 
36.30 2.475 
.. 
~·."·'-' 36.80 2.442 
,-:-< 37.30 2.1+11 \ .. ...... 
38.80 2.321 
41.55 2.172 'f!' 
42.60 2.122 
54.30 1.689 
h, 
'· 
18 
I/Io 
50 
50 
30 
90 
50· 
100 
20 !. 
100 
15 
40 
100 
15 
15 
25 
40 
25 
10 
20 
10 
10 
15 
10 ;:.. ''!)* ii-. 
ill 
'l:a" 
~ .. 
19 · 
TABLE 4. PARTIAL' ANALYSES OF APATITE PRECIPITATES FORMED BY THE TITRATION METHOD AT 95°C. 
Mg/( Ca+J{g) 
of o.oo 0.05 0.10 0,15 0.20 0.30 
solution 
Sample # 
cao wt% 
" 
¥.tgO wt% 
P2o5 wt% 
H2o wt% 
. }1ean re-
.. fractive 
index 
±0.002 
.. fJ; 
}IA-1 IvlA-9 MA-7 . :MA-10 MA-11 lvIA-12 
46.2 44.4 46.3 . 50.2 46 .L~ 44.6 
o.o · o. 7 1.5 0.02 o.o 0.01 
42.2 lL0.6 j 42.7 . 41.2 40. 7 39.5 
6.1 6.6 7.2 8.1 12. J.t. 13.2 
1.612 1.593 1.573 1.580 1.573 1.5~.4 
.---:-:.--.,• 
~· . 
' 
.. 
Q 
( 
1. 
1. 
1. 
12. 
10 • 
8.o 
42. 
40. 
I 
2.0 
,,. 
20 
Ca/P 
H20 
. -
-
.. .. . . . .. 
l ••••• • 
\ MgO 0 ~ 0 . .L=::::::::::==--.____:___,,.,..---...;-;..;__;;....----------,,......;:__~~~~-~~--~--,-----~-~------~ \ 
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Mean Rerractive Index 
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Figure 3. Crystal-chemical variants of titration apatites. 
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from solutions with Mg/(Ca+Mg) ·or 0.30 had a mean refra~ive 
index or 1.51.J4. ~ i: 
l 
Tbe~resolution ~of X-ray difrraction patterns of apatite 
formed by this method was too poor for meaningful determina-
tion of lattice parameters. Ho~ever, 'these patterns do 
give a qualitative indication or· decreasing crystallinity 
with increasing Mg/{ca+Mg) ~atio of solutions (figure 4). 
With a solution Mg/(Ca+ifg) ratio of 0.10 the (211), (300), 
and (202) peaks are destroyed. As this ratio increases, 
the {210) peak also disappears, and furthermore the (002) 
peak is shifted to higher 29 angles. lvi th a Mg/( Ca+Mg) 
ratio of 0.30 the precipitate is amorphous. 
Discussion of ResuJ.ts 
-Pytkowicz (1965) showed that magnesium +inhibits the 
nucleation of Caco3 in sea water. This may be explained 
as the effect of hydrated Mg coating Caco3 nucleii 
immediately as they form. A similar phenomenon may be 
responsible for the inability of apatite to precipitate 
from solutions with Mg/(ca+Mg) ratios higher than 0.30. 
It has been shown that the crystallinity of apatite 
precipitates is strongly affected by the mole ratio of 
Mg/(ca+Mg) of the solution in which they form. Also, the 
water content of this apatite shows an increase accompany-
ing the increase in ratio of ¥ig/(Ca+Mg). This water 
increase may be the cause of lower crystallinity and lower 
refractive indices. 
. fl, . .• 
(211) _, 
(112) 
·( 300 
.,, 
(002) 
Mg 
.. (Ca+Mg) 
o.o 
J 
0.10 
• 
0.20 
32 Degrees 2Q 26 
Figure 4. X-ray diffraction pattern of titration 
apatites showing decreasing crystallinity 
with increase in Mg/(Ca+Mg) of solution. 
·.• ,, ...... ;: /·-,•·;,·, 
22 
" Posner and Perloff (1957) found a linear relation 
between refractive index and Ca/P ratio of synthetic 
hydroxyapatites. However, the ca/P ratios of' apatites 
rrom this study show erratic changes (table 4), and Ca/P 
alone cannot account for changes in ref'racti ve indices. 
Brown, et al. (1962) explain low refractive indices. 
--
of' sy.tJ.thetic apatites as a result of. excess water in the 
form of interlayering of apatite and octacalcium-phosphate 
( OCP). They suggest that such 1·ayering could res'LU.t from 
epitaxial overgro1vth, caused by variations in composition 
o~ the liquid in the innnediate vicinity of a g:rotrring 
crystal during drop~wise neutralization. They also state 
that magnesium inhibits the hydrolysis or OCP to apatite, 
and Keppler (1963) and Ando (1958) show that magnesium 
stabilize the OCP and whitlockite structu.res relative to 
apatite. However, OCP was not detected in the present 
samples by either X-ray dirfraction or petrographic examin-
ation. Also, p't1re OCP could account for only eleven per 
cent water. Thus, even if some OCP is present· in these 
crystals, some water must be contained by another 
mechanism. 
The analyses show a water .increase and P 2o5 decrease 
as the Mg/(Ca+Mg) of the solution is increased. This 
suggests a substitution of water for phosphate. A sub-,/ 
sti tution of HP04 for Po4, as evidenced by the appearance 
~ of pyrophosphate X-ray diffraction peaks upon heating, has 
• 
{ 
-------------------'----·~· -~·. ~-
:11 
.. 
.' •"'' ', -- , .. - .. ,.-.•~•,-A.--•·-'-''•-••••-•·•·~~·--,"""•-.-- • 
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been proposed by Le Geros, et !±.• (1964). However., careful . 
X-ray diffraction analysis showed only apatite or s-ca3(Po4)2 
as a heating product (table 5). Thus, no evidence exists 
-for EP04 substitution in these precipitates. 
Substitution of water as the H4044 ion for POi;_3 in 
apatite has recently received much support (McConnell, 1962; 
Simpson, 1965). Electrical neutrality is maintained by an~ l..... 
accompanying substitution of H2o in the OH- position
, which 
also increases the v1ater content. of the apatite. This seems 
to be a likely rnecha11i sm of accounting for some of the 
excess water found in the apa,ti tes of tl1is study. fue low 
content of' Cao, less than 507s as opposed to the theoretical 
' 
56%, also suggests that some of this excess water might 
also be contained in the Ca++ position as the H3o+ ion • 
. , 
. ... · .
. ,. 
i. 
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-
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TABLE 5. PRODUCTS OF HEAT-TREATING APATITES 
FORMED BY THE TITRATIO}I METHOD AT 95° C. 
Temperature 
25 
degrees C 100 200 350 400 500 600 850 
Mg MA 
(Ca+Mg) # 
o.oo 1 
0.10 7 
\r 
0.15 10· 
0.20 17 
0.30 12 
A.,,. I\ 
A 
1. oo · · 4 Amo~mus 
.... ~}A = apatite 
... 
A 
A 
... 
-
-
A 
A 
A 
-
.. 
A+W 
A+W 
Amorphous 
-
.. 
W+A 
w 
w 
tmlmo~rn 
( see 
table 3) 
:_ ... 
• 
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APATITE FORl1ED BY TEE PEROXIDE - EDTA METHOD 
Introduction 
Concurrent with -this ,study, a ne1, method of 
synthesis was designed by Simpson ( in press). This 
method yields apatite showing excellent X-ray. 
diffraction patterns, consequently permitting reliable 
crystallographic study. The method allows accurate 
control of pH and temperature, in .a system where crystal 
growth is· slow. Because of .these advantages, apatite 
was synthesized .in a magnesium bearing system usipg 
this method. 
Experiments 
The method consists essentially of complexing 
' . 
calcium to EDTA at room temperature, and then slowly 
releasing the calcimn to a phosphate solution. The 
release or calcium is effected by boiling the solution 
over a period of several hours. Addition of hydrogen 
peroxide to the solution increases the rate of release 
of calcium, and the amount of the precipitate. 
Two solutions were prepared rrom reagent grade 
chemicals. Solution 11A11 was prepared by adding 20 grams 
of Na-EDTA, and 10 grams of MgHPo4.3H2o to 600 mls of 
distilled water. The mixture was stirred for 10 hours 
to allow time for chelation of magnesium from·the 
phosphate con;,ound. Arter chelation the filtered solution 
then contains free Mg-EDTA and phosphate ions. Soluti':)n 
26 
' 
... 
.. 
,. 
"B" was prepared in the same way, but 8.2 grams_ of' 
CaHPo4 were used instead of the MgHPo4 • JH2o. Solutions 
"A" and 11 B" were mixed in the proportions shown in 
table 6 to a total volume of 100 mls. After mixing, 
50 mls of electronic grade hydrogen peroxide was added 
,; to these solutions. The pH of all solutions was then 
adjusted to approximately 10 with sodium hydroxide. 
This final mixed solution was maintained at 103°c tmtil 
it was reduced to about one-half the initial volume. 
·.• 
The time required was approximat~ly five hours. 
l 
Aliquots of the solutions were separated and cooled 
for the measurement of final pH (table 7). The res1.tlting 
prec:Lpitates v1ere filtered frora the.hot solution, v1ashed 
with 200 ~.J.s of cold distilled water, and dried over 
c'alcimn. chloride in a vacuu.m dessicator. They were 
examined by X-Tay diffraction and petrographic microscope 
both before and after drying. Chemical analyses were 
perror1ned, as described in the Apl?ae?dix. 
Results 
Despite the differences betv1een the peroxide - EDTA 
method of s~thesis and the titration method of synthesis, 
the results of both methods are similar in many respects. 
Crystallinity 9f the apatite formed by both methods 
decreased with increasing ratio of Mg/(ca+Mg) of the 
solutions (figure 5). Furthermore, with the peroxide -
EDTA method, --the precipitate ·was amorphous with the 
.., 
,. 
·, :· ,~-. .. 
.  
.. 
'· 
-
TABLE 6. PROPORTIONS OF SOLUTIONS MIXED BY 
THE PEROXIDE - EDTA :f\IBTHOD TO PRODUCE THE 
PRODUCTS LISTED. 
r 
--------------------------
mls of mls of 
E!xpt. # sol. "At' sol. nBn Final pH Product Com_ment 
PX-5 o.oo 100.00 9.12 Ap Tan 
PX-6 5.00 95.00 10.08 Ap 
PX-7 10.00 90.00 9.64 Ap 
PX-8 15.00 85.00. 9.78 Ap 
PX-9 .. 20 . .-0_:o 
. .. -  ·. . 80.00 9.56 ,,":. ... Ap 
PX-10 :25 .·Q·(J 75 .• o·o 9.30 Two - ivbi-t.e '·.· ..... · 
arnor-
.. phous 
phases 
... 
. (• •; . 
-;.· 
i 
,-, . 
:·1· ;. 
. . 
~-
/''• 
'· 
··i.: 
1,,-
:••)' 
29· 
TABLE 7. CRYSTAL-CHEMICAL VARIAl'JTS. OF APATITE 
FOffivlED BY THE PEROXIDE - EDTA METHOD. 
Ratio of 
solution A 
to solution 0.00 0.05 0.10 0.15 -0.20 0.25 
A+B 
Sample # 
...... 
Cao wt% 
}IgO wt% 
Na2o wt% 
P2o5 wt% 
CO2 wt% 
H20 wt% 
Total~~ 
'Ca/PO 
. 4 
C/'P~w~ 
- "" .,.. 
pH of 
solution 
ao 
Co 
Mean re-
fractive 
index 
±.004 
'l 
PX-5 PX-6 PX-7 PX-8 PX-9 PX-10 
49.7 
49.5 
o .er 
o.o 
1.1 
39.1 
39.4 
J.62 
49.0 
50.2 
. 0.2 
· 0-.l 
1.1 
39.~. 
39.7 
1.6 
3.3 
95.L~ 
48.8 
47.8 
1.2 
1.7 
1.3 
39.7 
40.7 
1.5 
3.3 
96.2 
48.3 
49.8 
0.2 
1.3 
1.5 
31.8 
33.7 
40.7 
1.~4 
3.0 
96.9 
47.4 
48.7 
-2.0 
2.0 
1.'6 
40.1 
40.4 
3.5 
96.9 
l.LL8 
• 
41.4 
42.0 
5.2 
5.2 
1.4 
,40. 8 
40.7 
1.30 
1.57 1.63 1.59 1.63 1.62 1.59 
9.12 10.08 9.64 9.78 9.56 9.30 
9.465 9.461 9.465 9.456 I\T et Amor-
±.005 ±.001 ±.002 ±.003 ob- phous 
tained 
6.888 6. 873 6.862 _6. 842 u " 
:I:. 004 ±.GOl ±.002 ±.002. 
1.608 1.596 1.582 1.582 1.548 
~}Total obtained by summing averages of duplicate 
analyses, except for PX=8~ where third value ror P2o5 and second value for MgO were usedQ 
/ 
-::--u-c/P equal to (Ca+Mg+I'l"a)/(Po4+co3). 
" 
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Figure 5. X-ray dirrraction pattern 
showing decreasing crystallinity or peroxide-EDTA apatites with increase in Mg/(ca ... Mg) of' solution. 
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Mg/(Ca+Mg) ratio higher than 01.20 as compared to 0.30. 
folm.d with the titration method. This di~ference could 
• 
mean that the ratio of original mixed solutions does not 
represent ratios of ions, because calciu..~ and magnesium 
may be released from the EDTA at dirferent rates., or 
different amounts of.calcium and magnesium may have been 
complexed to the EDTA of each original solution. A 
comparison of crystal-chemical variations as a ftmction' 
., 
of 1Jig/( Ca+1·1g) ( figure 6) shows a roi.lgh correspondence 
between H2o content, Cao.content, and mean re~ractive 
index, although the P2o5 and :MgO contents show,4ifferent 
trends between the peroxide - EDTA method and the titration 
method. 
There is a color change from tan in the magnesium-free 
apatite to white in the amorphous phases. Under the micro-
scope, all crystals were too small to ~bit any bi-
• 
·· refringence. The powder of all sarr.g;,les consists of 
J' 
spherical aggregates, which seem to contain bubble 
inclusions. Such inclusions could not be observed under 
I 
the electron microscope_ HGwever, they may be too coarse 
for such detection, or hidden in the opaque aggregates 
which were observed (f'igure 7). The individual crystals 
were prism.a.tic, a.µd the maximum size observed was about 
five microns .for apatite formed in the magnesium-free 
solutions, whereas no crystal form was observed for 
apatite f'ormed in the most magnesium-rich solution ( f'igure 8 ). 
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Figure 6. Crystal-chemical variants or perox~de-EDTA apatites 
aQ compared to those or the_ titration apatites. 
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Figure 7. Electron micrograph showing well-developed 
crystals of apatite formed by the peroxide-EDTA method in a magnesium-free solution 
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Figure 8. Electron micrograph showing lack of crystal form in;,eroxide-EDTA apatites from solutions 
with Mg/(Ca+Mg) ratio of 0.20. 
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This corresponds with the decrease in crystallinity also 
observed from the X-ray diffraction patterns (figure 5). 
Chemical composition, lattice dimensions, and mean 
refracti'e indices of the precipitates have been listed 
in table 7, The content of,water, phosphorous, and co2 
shows little variation., but there is a genera·1 increase in 
Na2o and MgO with corresponding decrease of Cao as the MgO 
content of the solution is increased (figure 6). The mean. 
refractive index (f'igure 6) and c0 both dec~ease as a 
function of magnesium content of the solution., but a0 
• 
remains relatively constant. It is noteworthy that the .ao 
, is roughly 0.045 angstroms larger than that of' "normal 11 
hydroxyapatite, as given by McConnell (1965b). The calcium 
to phosphorous ratio shows a decrease with higher Mg/(Ca+Mg) 
' 
ratios, which is not eliminated by + ++ summing Na and Mg 
++ --
with Ca and co3 with Po4. 
Discussion of' Results 
_.,,. 
According to Simpson (in press) apatites synthesized 
by the peroxide - EDTA method have an excess of oxygen. 
This is thought to be in the form or the OOH- ion (a 
decomposition product of' hydrogen peroxide) occupying the 
OH- position. Evidence supporting these postulations is 
as f'ollows: 
1. When placed in acid there is a·: strong eff'ervescence 
... 
which cannot be accounted for simply by the evolu-
tion of carbon dioxide. 
.} 
.. 
' 
' &-. 
' ' 
,,/:' 
• 
"'.· :.. 
2. The evolved gas heavily oxidizes a hot copper 
• wire. 
3. Oxygen electrode measurem~nts indicate that 
oxygen is evolved upon dissolution of these 
apatites in an acid solution. 
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4. The fact that chemical analyses do not total one 
.. hundred per cent reflectsthe excess oxygen, ~or 
which quantitative analyses were not performed. This evidence is supplemented by theoretical considerations which show that substitution of ions in any position other than the Oli position would cause structural changes other than observed in these apatites, and the presence of such a large ion is necessary to explain the abnormally large ao crystallographic a.xis of these apatites. 
The pre·sence of magnesium in the system is the only · difference between this study and that of Simpson's. Thus, by comparison with his conclusions, it might be assumed that the apatites of this study also contain excess oxygen, The comparison is enhanced by the fact that chemical analyses for this study also total less than one hundred per cent, and the ao values found in this study are al,so abnormally large. 
In order to clarify the structural changes resulting from substitution in different positions of the apatite, a plot was made of the re·1ationship between lattice dimensions and size of the substituting ion for each structural site (f'igures 9 and 10). Data listed by Mooney and Aia (1960) 
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and Baker (1967) were.used for the relationship. With 
substitutions f'or calcium, both a0 an.dc 0 increase with 
larger ions ( figure 9)., and the increasing ratio of' co/ ao 
(f'igure 10) shows that c 0 is af'f'ected more than ac,. Sub-
' -
-
~titutions in the Po4_position cause an increase in both 
a.o and c0 ., but the decrease in ratio of' c0 /a0 show that Co 
r 
is aff'ected less than 9.o. Substitution of larger ions in 
the o}(9 position results in an increase in ao and a small 
decrease in c0 , which is also reflected in the decreasing 
ratio of c0 /ao• 
In accordance with these principles, various opposing 
tendencies would result from the substitutions possible in 
the apatites of this study. Substitution of 11g++.for Ca++ 
would produce approximately equal decr~ases in a0 and~c 0 , 
while ,H3o+ would ·have an opposite eff'ect. Na+ in the Ca++ 
position should 'have very little effect on either axis. 
Substitution of H4044 for Po4 would probably result· in an 
increase in ao, and a lesser increase in c 0 , whereas co-2 3 
in the Po43 position would have an opposite effect 
t·· 
(McConnell, 1965b). Substitution of OOH• f'Ol' OH- should 
cause an increase in a 0 , with little ef'f'ect on c
0
• H
2
o 
in the OH- position w0uld have little effect on either 
axis. The effects of structural defects are not tm.der-
stood. 
Apatites s;ynthesized in this study exhibit a marked 
~ l 
decrease ih Co, relatively minor changes in the abnormally 
/ ' 
large 8.o, and a decrease in the ratio of co/ao .as a 
., 
'· 
.i 
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ftmction o·f Mg/(Ca+Mg) ratio of the solution (figure 11). 
The changes in c0 and c0 /a0 ratio correspond to substitution 
oC an ion smaller than Ca++ in the Ca position. · This might 
be re'lated to the increase in }igO content of these apat~_tes 
(~igure 6). However, substitution of Mg++ for Ca++ should 
also cause a decrease in the length of a0 ; however, this 
effect may be offset by accompanying substitution of another 
ion. Although chemical analyses seem to indicate that no 
such substitution occurs ( figure 6), undetected changes in ·\ 
oxygen content are possible. And it is clear from figure 9 
·++ that a coupled substitution of Mg in the Ca position, /' 
-~ . 
and 001i in the OH- position should produce exactly the 
.. ~ - ~ ("' ~ .. -
variations shown in figure 10, namely a cumulative effect 
il 
on decbrease of the c 0-, and compensating effects on changes 
in the a 0 • Al though i.t is not understood why Mg++ causes 
an incr~ase in OOH-, this mechanism seems likely for these 
apatites. 
The decrease in calcilLrn to phosphorous ratio with 
increasing Mg/(ca+Mg) ratios in solution (figure 6) 
indicates that other substitutions ,must also be considered. 
. + An assignment of the e~ess water, as H3o , to the Ca. 
position might adjust this change in c/P ratio, but it should 
also cause an increase in both c 0 and a0 • Defects in the 
apatite structure have also been post11lated to account fo~ 
changes in the c/P ratio (Simpson,- in p~ess; Posner and 
t ··. lg•:. I_J •• 
_J._, '_ •. ·~ __ .' 
" .· . I 
:J Cl,, Di __ ' /i.·. ·_ ... ·.· ;, p 11'' .. : 
=1D . 1 ·; 
. i ' -1· . ,, 
: ~'. . '° ' 
• 0 I •' 
10 I! 
;,; ci ' 
- ,=,I~ 1·' 
::J I 
1
-J ,: 
iii! 
I.Hi ...,1 . ·' 
___:] . 
' ,, 
,I 
~a. 
". J "' 
~.: 
' . 
9.470 
9.460 
9.455 
0.726 
.o.oo 
---o. 05 
Mg/(Ca+Mg) 
.t 
0.10 
40 
6.890 
6.880 
6.870 
.,· 
6.860 
6.850 
0.15 
Figure 11. Lattice variations of pero.xide-EDTA apatites as 
a function of Mg/(Ca+Mg) of solution. . 
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I 
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Perloff, 1957). Whatever mechanism is responsible fo~ 
the changes in c/P ratio of these apatit.es, any structural 
. 
...... -effects are overshadowed by the presence of Mg and OOH. 
Consequently, speculations on the c/P ratios are not 
warranted. 
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APATITE FORMED BY THE REPLACEivIE1'TT METHOD 
In'troduction 
A connnon method of apatite synthesis at 25°C involves 
tl1e reaction of calcium carbonate wi ~h phosphate bearing 
solutions. This method was used by A.mes (1959) and later 
modified by Simpson (1964). Two modifications 0£ 
Simpson's.method were used in this study. 
mxper:ipiep..ts 
A set of experiments was designed to give a constant 
concentration of magnesium in the solution, and a wide 
I 
range of pH values. Analytical reagents were used to 
prepare solutions or 0.02M Na3Po4, which were then adjusted 
to the pH values listed in table 8. 'I'w'o hundred mls of 
these phosphate bearing solutions were added to 250 ml 
Erlenmeyer flaslcs, along with one gram each of analytical 
reagent calcium carbonate and magnesium carbonate powders. 
The flaslrs were vented to air and agitated on a __ Br1n1swick 
shaker. The solutions were changed weekly so as to renew 
the phosphate concentration and reijstablish the ~esired pH. 
At the end of two months the solids were filtered off, 
washed with distilled water, and examined ~fth x~ray 
diffraction and petrographic microscope. 
A second set of experiments was designed to maintain 
a constant pij, using solutions of 0.02M Na3Po4, with a range 
of concentrations of Mg* ions., as listed in table 9. The 
..... ( 
, I 
D 
C 
r 
II 
TABLE 8. INITIAL pH, FINAL pH, Al'lD PRODUCTS OF REACTING Caco3+MgC03 WITH Na3Po4 SOLUTIONS. 
43-
Experiment 
nUI11ber 
Final 
pI-I 
Initial 
pH 
Reaction products (plus 
unreacted carbonate) 
MC-1 
. 
MC-2 
MC-3 
MC-4 
~C-5 
MC-6 
6.7 4.0 b:rushi te plus bobbieri te 
7.4 4.9 brushi te pl:us bobbieri te 
7.4 6~0 b:r,ushite plus bobbierite 
7.5 7.0 bobbieri te plus 
"incipient apatite" 
9.5 B.o "incipient apatite" 
9.6 9.2 "incipient apatite" 
TABLE 9. INITIAL MgCO COI!CENTRATION, FilfAL pH, Al'JD PRODUCTS OF REAC~ING Caco3 WITH Na3Po4+Mgco3 SOLUTIONS. 
Experiment 
number 
Final 
pH 
MgCOJ 
cone. 
Reaction products (plus 
unreacted carbonate) 
MC-7 
MC-8 
<MC,-9 
l1C-10 
MC .. 11 
MC-12 
Mc ... 13 
7.5 
7.7 
B.o 
9.1 
9.2 
9.2 
9.0 
10-1.5 
10-2.0 
10-2.5 
10-3.0 
10-3·5 
10-4.0 
o.oo 
., 
bobbieri ta 
bobbierite 
bobbieri·te 
apatite 
apatite 
apatite 
apatite plus OCP 
... 
-c.',: 
!. 
I 
1. 
/. 
~ . 
.. ·.~~. 
.· ... ,• 41,.· 
The MgCo3 was dissolved in HNo3, which should be an inert 
component of the system. The pH of these solutions was 
adjusted to 8.0 with NaOH. Two hundred mls of these 
solutions were added to one gram of analytical reagent 
caco3 in 250 ml Erlenmeyer flasks, and further procedure 
' was as previously described. 
Results 
Reaction products, initial, and final pH of' the first 
set of experiments, in which there was a ~ide range o~ 
initial pH, a.re given in table 8. Some unreacted calcium 
carbonate was detected in all samples. Magnesium carbonate, 
• 
• 
t' although initially present, was undetected after two months. 
Presumably it reacted more rapidly than the calcium 
d 
carbon~te because of a finer grain size. Consequently, it 
is possible that magnesium concentration in the system 
changed as a result of replacing the reacted soltitions. 
In samples MC-~. to -6, apatite was identified by X-ray 
diffraction only as a broad "hump" in the vicinity of 2.8 
angstroms, the region of major apatite reflections. This 
was interpreted as an effect of very small or poorly forraed 
crystals, and so-called "incipient apatite". 
Results of' the second set,,._of experiments are given in . ·~ 
I 
table 9 along with concentrations oi' Mgco3 mixed in the 
original solutions. Unreacted Caco3 was present in all 
samples. Octacalcitun-phosphate (OCP) formed in the 
\ 
·• 
,, 
~- •. 
~-· 
-· 
-~-: 
I 
·.·.·e.··· 4.:J 
magnesium-free solt1tion. ~pati:te formed in solutions 
with initial magnesium concentration fror.i. 10-14 to 10-3n. 
At initial concentrations above 10-3M bobbierite 
The 
bomfdary between bobbier·i te and apatite, as indicated in 
table 9, is in the prI range of 8.0 to 9.1, ivith a magnesium 
concentration oi 10-2 ·5 tb 10-JM. 
Disct1ssion of Results 
TJ1e presence of ,earp_ona..t·:e· in both sets of expe1~11ufJni;;s 
/ indicat'es that the: re:ac.tion.s were incomple~! fTlhis coul-d 
result fr·o:rn i'--ns·uf .. ficien.t reaction time, or depietiqµ. ·Of: l . . . .. . 
react·r,otti.:s are e·stabli s:he-.d. 
' .- . .• --. 
- .. - . ..: : . 
magnesium se~med ·to· pro01n.o·te the -ror:r.1atio11 of OCP. This w.~s. 
in accordance with Ke.PJJler' s (1963) postulation tl1at tl1e 
OCP structure is stabilized by layers ()f.' }Ig( OH) 2 • Si11I9,son 
..(1966) als.o sl1oi-1ed th~t, nnder simila!,1 :conditions, OCP 
:i.s· f.01.,rned· at a lower p.lI than ~ts ap·a.tite·... These results 
we .. :re not confirmed: by tl1e .pPe~ren·t .-e:xp·.e·riments. On the 
contrary, ocp· was .... det,ected only in tne magnesium-free 
solution, at a pH of 9.0. As the ,stability ·of OCP, with 
respect· to pH and other variables, has not ye~ been firmly 
established, no atte111pt is made to explain thi·s dJ.Sc.repancy. 
;, 
., 
, .. 
, . 
... . 
. . .. 
.. ~- .. 
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However, it is noteworthy that this study indicates that 
OCP can be forn1ec1 at pI-I higher than in previous studies. 
Pozin, et~' (1965) showed that the rate of 
crystallization of brushite increases with increasing 
concentration of Mg3(Po4)2, and is almost independent of 
P2o5 concentration in the solution. They also found 0.5 
.. 
wt% MgO in the solution lowers the solubility of CaHPo4 
in a system with 5 wt% P2o5, but for 18% P2o5 has no effect. 
The :maximum stability field of brushite, with respect to 
pH, has been established as 6.1 in magnesiun1 free solutions 
(Simpson, 1964). In the present study it was found that 
c, 
brushite is stable up to a pH of 7.4 in a magnesiU111-bearing 
sys~em (table 8). I On the basis or solubility experiments 
~ 
in tl1is study it is likely that this can be explained by 
the fact that bobbierite has replaced apatite as·the stable 
phase, and the concentration of Ca++ is temporarily high 
enough to exceed the brusl1ite solubility product, so that 
metastability exists. 
It is clear from both figures 12 and 13 that apatite 
., 
and bobbierite each have a distinct stability field with 
respect to pH and magnesium conc·entration. ·u though the 
di.fferences inllt pH values show that equilibrium was not 
. attained in either set of' experiments, the re sul t·s obtained 
· are an important aid to understanding the results.of 
apatite solubility studies • 
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AP,\TITE SOLUBILITY AS A Ii'1JNCTI01'T OF 
MAGNESIUM CONCENTRATION 
Introduction 
~. General Statement 
; 
Apatites of low teraperature origin, whether in marine 
phosphorites or organic tissue, are presumably formed from .~ 
aqueous solutions. Approximations of conditions have been 
obtained experimentally, and a.re cormnonly expressed as the 
solubility product for a particular apatite-water reaction. 
However, previous studies of apatite solubility were 
' 
carried out in simple systems, which. necessarily ignored 
possible non-ideal behavior to be found in complex natural 
syste1ns. Consequently, caution is- ·n.ecessary in applying 
the results of these studies to the natural environment. 
In natural solutions cor.iplex ions, chelate compounds, 
and -organic activity are all likely to complicate any model 
of' chemical e.quilibrium. The importance of complex ions 
in this respect has been well demonstrated for a few systems 
(Garrels and Christ, 1965), but investigations of phosphate 
\ 
bearing systems are still necessary. As magnesium is the -:,-
second most abundant cation in sea water (Mackenzie and 
Gar~ 1966), a major ion of most natural solutions, and 
·is now known to influence apatite formation (figures 5 and 
6), one might also expect.it to have iraportant effects on 
apatite solubility. Such effects would be likely in 
biologic as well as geologic systems. This study shows 
50 ' 
f 
.. 
I 
:,r 
,, 
that magnesium phosphate corrlplexes must be considered in 
dealing with apatite solubility in magnesium-bearing 
solutions. 
" Previous Work 
Dietz, et al. (19·42), using the data or Sandroy and 
--
,., 
Hastings (1927), calculated a solubility product of 
3.73 x 10-25 for ca3 (Po4)2 in sea water at 38°c. However, 
this has little geologic sign-ificance, because Riviere 
(1941) round that calcium phosphates take up carbonate 
from sea water, and McConnell (1965a) points out that a 
\ j 
carbonate)fluor'apatite is the likely stable phase in 
equilibrium with sea water. Kaz-alrov (1950) studied the 
system CaO-P2o5-~0-HF at 25°C and found that fluorapatite 
was the only stable phase in the sea water range or con-
centrations of calcium, phosphate and rluoride ions. He 
developed a theory of phosphorite genesis on the assumption 
that the only effect of carbonate would be to change the 
I 
solid phase·to carbonate fluorapatite. Krame~ ( 1964) 
determined the solubility product of carbonate fluorapatite 
to be 10-105 at 25°c and 10-lOJ at 5°c. Mccann (1967) 
' 
obtained a solubility product of 10-120 •3 for fluorapatite 
at 37°C. Clark (1958) showed the solubility product of 
hydroxyapatite to be 10-ll5 in distilled water at 25°c. 
His data also indicate that dissolution is incongruent, 
with the degree of congruency being strongly dependent 
•·\,· 
,•: 
( 
't 
~ 
,I 
,. 
{ . 
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up·on pH ( i'igure 14) • Kramer {1964), by using Egan's 
(1951) entropy data, calculated solubility products of 
hydroxyapatite as 10-111•69 (0°0), 10-112•0 (5°C), 
~ 10-113.19 (150c), 10-113.90 (250c), and 10-114.40 (300c). 
Ex£eriments. 
Studies were made of the solubility of hydroxyapatite 
as a f1.mction of Mgcl2 and NaCl concentrations in the 
solutions. Solubility of fluorapatite was also determined 
as a function of MgC12 concentration of the solutions. All 
experiments were at ·25°c anc.Y'atmospheric pressure. Starting 
materials consisted of reagent grade tribasic calcium 
phosphate powder (showing an apatite X-ray diffraction 
pattern), and finely ground fluorapatite from Durango~ 
Mexico. The Durango apatite was not absolutely pure, but 
showed only traces o:r unidentified extraneous phase( s). 
The pH of the. initial Mgcl2-bearing solutions was 
adjusted with NaOH. Concen~rations of the mixed solutions 
are listed in table 10. To 200 ml of these mixed solutions, 
.0.2 grams of apatite powder was added. The containing 
flasks were closed with 0 saran wrap n and agitated on a 
' ' . Brunswick shaker. The solutions were periodically analyzed 
for pH, calcium, and orthophosphate (Appendix) and a steady 
state was assumed when there·was no change in analyses 
from one period to the next. This occurred within two weeks,. 
but experiments were conducted for up to five months. 
Although the distilled water was initially boiled, the 
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TABLE 10. INITIAL COMPOSITIONS OF MgClfu.SOLUTIONS 
EQUILIBRATED 'WITH HYDROXYAPATITE AND UORAPATITE. 
-
_ _.. 
0.2000 Grams 
of Reagent 
Hydroxyapa ti te 
Cone. 
pH MgC12 
- (M/LJ 
9.04 10-3.0 
9.53 10-3-5 
9.83 <o 10-4·0 
10.00 1.0-4·5 
10.00 10-5.0 
10.00 10-5 .5 .. 
10·.oo ·10-6.0 
10.00 10-6.5 
/~ 
10.00 10-7.0 
10.00 o.oo 
<) 
0. 2000- Grruns 
of Reagent 
Hyd.roxyapati te 
pH 
5.73 
5.57 
.?···64 
5.64 
5.71 
:, 
Cone. 
NaCl 
(M/t) 
10-3 
10-4 
10-5 
10-6 
10-7 
... ·- ··-·· 
,-~_.···. £y ~. 
. .. 
0.2000 Grruns 
Natural 
Fluorapati te 
Cone. 
pH MgC12 (M/t). 
, 9.00 10-3.0 
10.00 10-4·0 
J.iO-. 00 10-5.0 
10.00 10-6.0 
10 .o.o 
. '. . .·. 
10 .. 7.0 
10 .• 00 o.oo 
\. 
.; 
.. 
• 
. 
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solids showed a greenish color at the end of five months, 
suggesting an algal growth. However, the chemical results 
were not significantly d~fferent from those at the end of i 
two weeks, when this color was not observed. 
Calculations 
,, 
The ion products 
., .. for hydroxyapatite and fluorapatite 
resp~ctively were calculated from the assumed reactions 
• • • (A) 
tllld Ca10 (Po4)6(F)r10 • • • ( B) 
r 
·assuming an ac ti vi ty of 1 - . for the OH ion. 
The ion products for bobbierite were calcula~t~ .. d: ·for th·e 
reaction 
• • • (C) 
The ionic strength of solutions ·was calculated from the 
equation 
where :tuI1 is the molarity and z1 is the charge of the :i.th . 
.. 
ion in solution. 
For calculations of ionic strength, the total ortho-
phosphate was distributed among its re spec ti ve ions 
according to the dissociation 0f phesphoric acid, as 
i~"Ion products'' were calculated from chemical analyses, after first approximation activity corrections with Debye-Huckel thebrya "Concentration p1~oducts" were calculated from uncorrected analytical data. 
: ..-. 
l 
I· 
.·: ·, 
given by Hamilton and Simpson (1965), as follows: 
.~. ~ = 10-2.0 
• • • 
• • • 
K = 10-6•7 2 
An example calculation of the distribution of ortho-
• 
phosphate, using solution K-29, with pH or 7.29, and 
.•. 
total orthophosphate of 10-3· 20M (table 12) is as follows: 
I PO- H+ H PO- 10-7 • 29 
3 4 K . 10-2.0 4 1 
simile.rly, 5. r2PoJ = 10-o.59 [HPoaj 
and 6. Foaj = 10-5. 15 roaj 
At the pH of these experiments, the concentration of H3Po4 
and Po4, ions is insignificant relative to t~H2Po4 and 
-
· HP04 ions, and can be ignored in the calculations of ionic 
strength. As the "Saran wrap"_ is porous to gases it was 
• 
asst.1111ed that solutions were in eg_uil·ibrium with the atmosphere. 
Under these conditions carbonate species would be present in 
concentrations around 10-4M, and would make little difference 
to values of ionic strength. Thus carbonate was not 
considered in these calculations. ( 
Activity coerficients were calculated from the Debye-
Huckel equation 
2 
Azi /I 
, I 
/ 
Values of A, B, and 
Christ (1965). 
Results 
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0 
a. were obtained from Garrels and 1 
Exa~nation of solids ~ri th tl1e petrographic micro-
scope showed phases other than apatite present in some 
samples at the end of the reaction period. For samples in 
which hydroxyapatite was equilibrated with Mgcl2 solutions 
(table 11), these phases were bobbierite (Mg3(Po4)2 •BH2o), 
and Mg3(Po4)2•22H2o.- Bobbierite occurred as tiny blade-
shaped crystals with mean refractive index of ·1.516,fitting 
the description of Palache, ~ ~. (1951). The Mg3 (Po4)2•22H2o 
showed no crystal form., but was identified from the refrac-
tive index of 1. 464 as gi.ven by Taylor, et ~. ( 1963). An 
unidentified phase, wi·th mean refractive index of 1.574, 
was present in all sa.ryriles equililzrated with NaCl solutions 
( table 13). This phase 1?as not present befo:re equilibration, 
and increased in quantity wi tl~ increasins NaCl. c·on·centra- · 
tion, indicating that it is a product of reaction between 
the apatite and 1'TaCl solutions. Other than those initially 
present, no extraneous phases were detected in the fluor-
apatite samples. }Tone of the above phases were present in 
excess of two per cent, which prohibited their identifi_ca-
tion by X-ray diffraction. 
Compositions of MgC12 s_olutions equilibrated with 
hyd_roxyapa ti te are given in table 12, alo11g with ionic 
.,.,. 
• 
• 
,J 
I• • ~ 1:' , .
.'I• 
""'.'' 
TABLE 11. SOLID PHASES PRESE1'IT AFTER EQUILI-
BRA'I1IOIT O:? h-rnROXYAPATITE l'1ITH VJeCl2 SOLUTI01'JS • 
. ,. 
Sample 1'To. 
MgClff 
l1ixe (M/L) Solid Phase 
K-25 10-3.0 · Apatite 
41.; 
10-3. 5 K-26 Apa ti te+MgJ ( Po4 ).2 • 22H2o 
K-27 10-4·0 Apatite+Bobbierite 
' [Mg3(Po4)2·8~0] 
K-28 10-4-5 Apatite+Bobbierite '\ 
10-5.0 . I K-29_ Apa ti ta 
K-30 10-5 .5 Apatite 
K-31 10-6.0 Apatite 
K-32 10-6.5 Apatite 
·\. 
10-7.0 K-33 Apatite \ 
K-JL!- o.oo Apatite 
-:>· 
I 
·~ .. 
l 
~r. 
.. 
·, 
- -----.,··---~-w·~•o'<Jt~.wlili11'.tf,,._.,,.,JUIU.-~:..,,.,.v.11.,'-":'~.!..-&:U,.i:,6l,}~:lr--i 
' ' . 
~~=-~ 
!~]cc.-_ ____;_"~i' -~-~,/· ·.·· . . 
. I 
II 
~- .-. 
·, 
... 
. ' 
>f. 
.,, 
TABLE 12. FINAL COMPOSITIONS, IONIC ST~GTHS, AND ION PRODUCTS OF MgC12 SOLUTIONS EQUILIBRATED ~~TH HYDROXYAPATITE. 
Solution Composition pK 
Mg++ 
Sample }Iixed 
No. pH (M/L) 
25 · 8.77 10-3 •0 
·26 8.62 10-3·5 
27 8.15 10-4· 0 
~8 7.58 10-4-5 
Ca++ 
Conc. 4 X 10-' 
( M) . - . 
? 
• 
? 
• 
·n ..
-:-r· 
• 
a 
? .. 
·?·· .. 
? 
• 
29 7.29 10-5· 0 13.10 10-2 · 99 
30 7.20 10-5·5 13.80 10-2 ·98 
31 7.03 10-6 · 0 7.83 10-3· 19 
32 7.49 10-6 ·5 6.86 fo""3· 26 
33 6.80 10-7•0 3.40 10-3.55 
34. 6.86 o.oo 2 1 10-J.69 .3 
\.. Orthophosphate Ionic Hydroxy-
Conc. 4 X 10- a 
-log Strength apati~e 
OH- x 10-LT 
(M) 
2.58 
1.63 
3.62 
6.75 
6.28 
5.14 
6.62 
3.99 
3.62 
-
-
- 5.85 
- 6.42 
10-8 · 82 6.71 
10-9•12 7.05 
10-9•24 6.97 
10-8 ·42 6.51 
10-9•06 7.20 
10-9 •34 7.14 
Cone. a 
• • p, • • • 
" 
- - -
- - -
25.72 
27.46 
29.60 
-
-
35.40 
35.50 
21.30 
25.35 
i9.55 
a.·15 
- -
-
93.65 96.22 32.14 
95.42 98.14 34.24 
99.24 101.28 36.08 
9J.92 96.15 35.92 
102.28 104.20 38.72 
106.27 107.32 
·.• 
... 
TABLE 13. FINAL COMPOS~[Tr=o·rrs ·OF'· NaCl. S0L1JTI0NS EQUILIBRATED WITH HYDROXY-
. !PATITE. 
Solution Composition pK 
Ca++ Orthophosphate Ionic hydroxy-y Sample NaCl Conc. 4 Conc.L -log Stren!th apatite No. pH Mixed X 10- a X 10- i a OI-t X 10- Cone" a ) ad 
M/L ( 1-1) • (M 
35 6.66 10-3 4.96 10-3.40 6.28 10-8.98 7.34 27.75 97.43 102.58 
· 36 6.88 10-4 3.36 10-3-54 LJ,-. 89 10-9 ·35 7.12 
" 
13.10 lOL~.12 105. 74 
37, 6.46 10-5 2.52 icr-3· 74 4.rt2 .10-9-78 7.54 10067. 108.92 110.40 
( 38· 6"36 10-6 . 2.47 10-3.67 4.31 10-9.89 7.64 10.31 109.88 111.32 
I :1 39 ·6.42 10-7 2.10 10-3.73 4.43 10-9· 84 7.58 7.63 110.26 I 111.57 
l 
•.• i.:. 
). r . . 
t 
\ . 
strengths, and ion products for hydroxyapatite, and 
concentration products for both hydroxyapatite and 
bobbierite. Magnesium interference prevented 
61 
analysis for· calcitun in those solutions with magnesium 
. -~ 
concentration higher than 10 -M. The ion products for 
hydroxyapatite are directly related to the solution 
concentration of Mgc12 (table 12 and fig.16). With the 
MgC12 concentration increased by two orders of magnitude 
the hydroxyapatite ion product is increased by twelve 
orders of magnitude. These ion products are also directly 
~ 
related to pH ( figure 2·1), 1-rhich accounts f'or the 
' -
0 6 2 anomalously high value of K=lO / • for sample K-32. 
Compositions or the ·NaCl solutions equilibrated with 
hydroxyapatite,along with ionic strengths,are given in 
table 13. Figure 17 shows that the concentration product 
is actually lower in the NaCl solutions, and then shows 
an increase with increasing NaCl concentration. Debye- ~ 
Hiickel corrections eliminate this increase in solutions 
with the NaCl concentration below 10-5M, but have less 
effect at higher concentrations. 
Compositions of the MgC12 solutions equilibrated 
With fluorapatite, along with ionic strength, concentra-
tion products for fluorapatite and bobbierite, and ion 
products for i'luorapatite are given in table 14. The 
slope of the solubility curve (figure 18) shows that there 
is an immediate increase in the concentration product of 
riuorapatite with the addition of Mgc12 • Further increase 
.. ,._, ... , ... 
,; 
•. 
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10 
:8 ., 
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2 
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Ca X Reagent 
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pH 
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. Figure +5• Composition o:f MgCl;, solution~, equili-
brated with hydroxy•patite and rluor-
apatite. 
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so·1 ution Composition 
Ca ++ Orthophosphate pK Ionic Hydroxy-Mg++ Sample Conc:.4 Conc. 4 
a - Stren!th anati te pK F .... No. pH Mixed X 10 ... (Cale.) X 10- Cone. Mg)FOJ2 X 10 • a a a a 
(M/L) M M 
10-3 
.J 
4'.Q-: ? ? 0.83 0 
.25.98 8.03 • • - - - - ·-i 
,41 8.26 10-4 ? ? 2.54 
- - - - -
28.38 . . . . . ' • 
42 8: •. 53 10-5 4 .• 90 10-3-47 3.95 10-8. 05 10-4.02 9.13 88.64 91.02 30.84 
.,43: 8.03 10-6 5.60: 10-3-33 3.15 10-8.59 10-3-97 17.98 
_87 .94 92.97 34.88 
44 7.88 10-7 2'. .. :80 ...•... 10-3.62 2.87 10-8.26 10-4-27 11.58 91.69 94.28 37.22 
45 7t75 o.oo ·0: .• :6:4 10-4.22 :t ... 5.2: 10-8.62 10-'+· 90 2.09 103.02 103.74 
-
\. 
,. 
.. 
in MgC12 concentration has a diminishing ef:fect. 
Discussion of Results 
'67·:·· 
. . 
Petrographic examination has shown that bobbierite 
was formed in sa.'Tiple s K-28 and K-27 and Hg3 ( Po4) 2 • 22H20 
. ,-
in sample K-26. Calculations of bobbierite concentration 
... 
products (from react·i on C} for samples K-28 to K-26 -
yielded values from 10·29 • 6 to 10-25·7. Taylor, et al. 
. (1963) report values of K (bobbierite) = 10-25· 20 
s 
and K
8
(Mg3(Po4)2 •22H2o) = 10-23· 1 • Thus, these phases 
should not have formed in those solutions, if the calcula-
tions, concentrations, and repo·rted solubilities are 
correct. This discrepancy sirrrply reflects the i~accuracy 
of' assmning Jthe initial mixed mae;ne si um co11.c entra tioris for 
' 
these calculations. 
The formation or bobbierite arid Mg3(Po4J2•22~2o 
accounts f<?r the lowering of orthophosphate ( c6nt_emt in 
solut~ ons K-28 to K-26 ( figure 15). Because these phases~ 
are absent in. sample K-25, the orthophosphate content can 
again increase. Their ab s~nce ca..ri. be accounted fdr by the 
high pH of solution K-25 ( see figures 12 and 13). 
. '° 
.... .,.. . 
, 
~ ' 
A comparison of the solubility data for hydro.xyapati te · 
and fluorapatite can be made from figure 19. Contrary to 
~he results of previous workers (Clark, 1958; Mccann, 1967), 
~ 
it was fonnd in this study that fluorapati te was more 
soluble than hydroxyapatite. This might be accounted for 
. .-
.. 
.,. 
~ . 
'· . 
. C... 
68, 
by: (a) the interaction of F- ions with the glass 
containers; (b) presence of co2 may have caused carbonate 
fluorapatite with K =10-lOJ (Kramer, 1964) to replace s 
' 
fluorapatite as the stable phase. The first reaction is 
well-knovm., and the work of Riviere (1941) has shown that 
carbonate rluorapatite is likely 1.mder the conditions of 
these experiments. Neither reaction would change the 
general conclusions of this study. 
With the addition of NaCl there is an abrupt decrease 
in the ion product of fluorapati te ( figure 19). This might 
reflect the possible formation o~ less soluble cblorapatite. 
As the dec.rease is not proportional to the concentration 
of NaCl, thi:s would mean that there was a rapid surface 
coating of hydroxyapatite grains with chlorapatite effective-
ly insulating_them from the solution. This effect should 
apply as well to the Mgcl2 solutions. If chlorapatite is 
-
-the stable phase, Cl should be used instead of OH in 
calculations of ion products. As these solids have not 
been aialyzed for chloride, a surrace coating can only be 
postulated, and such calculati9ns are not warranted. 
Consequently, the ion products have been calculated by 
assuming pu.re hydroxyapati te as · the stable phase •. 
Aside from the initial decrease in apatfte solubility, 
the effects of NaCl are eliminated with Debye-Huckel theory, 
except for extremely high concentrat.ions (figure 19). How-. 
ever, the-solubility of both fluorapatite and hydroxy-
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·CT' 
apatite sl1ows a marked increase with increasing MgC12 
content of the solution, which is not corrected with 
Debye-Huckel theory. This effect may result from the 
formation of a magnesium phosphate complex, which was not 
considered in the calculations. The steeper slope of the 
fluorapatite solubility ~urve may rerlect the formation 
of the well-established MgF+ complex (Garrels and Christ, 
1965) as well as the magnesium-phosphate complex. 
It is found in these experiments that ion products 
vary directly with pH in the MgC12 solutions, but more 
irregularly in the NaCl solutions (figure 20). Taylor, 
et al. (1963) found a similar relationship between 
bobbierite ion products and pH •. They eliminated this 
ef'fect by assuming the presence of' undissociated MgHP04 
_with a dissociation constant of 1.24x10-3. Because 
magnesium analyses were not carried out in these experiments, 
no quantitative allowa.~ces ror any magnesium-phosphate 
species could be made. However, the MgHP04 postulated by 
Taylor, et al. is a likely possibility in this system • 
• 
Regardless of the particular species of complex involved, 
the assumption of' some rorm of undissociated magnesi'? 
phosphate complex permits a ready explanation of the 
results of these experiments. As a consequence, idealized 
studies of apatite solubility are no longer straightforward-
ly applicable to natural magnesium-bearing systems, or in 
fact to any natural system. 
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Introduction 
t 
Three polymorphs of ca2 P2o7 are known. The high-
temperature a-form inverts to the S-form at 1150°0, which 
y-forra at 750°C (Ranby, .... inverts to the low-temperature 
'3 
et al., 1954). The compoll!ld melts at 1320°c (Tremel, 
-
et al., 1948). Tw'o forms of Mg2P2o7 are known with the -
(Y -s (high temperature - low temperature) inversion at - J 
68±2°0 (Roy, et al., 1948). The melting point is at 1383°c. 
--
The low temperature form of each compound was not considered 
, in this study. Crystallographic and optical properties of 
some of the compounds are given in table 15. 
~eriments 
All charges were prepared rrom a.tfalytical reagent grade 
CaHPo4, and synthetic MgHPo4 • JH2o. The MgHPo4 • JH2o was 
. . prepared from analytical reagents by the method described d ,rr 
• by Taylor, et al. (1963). A 500 ml solution of lM 
--
. ( NH4) 2HPo4 was slowly added, with continuous stirring, to a 
500 ml solution of lM Mg(Ac) 2 •. Euhedral crystals. formed 
I' 
after about twelve hours digestion ar-id were identified by 
X-ray and optical methods as MgHP04•3H2o. 9 
. 
Eighty-four charges were prepared by grinding mixtures 
of CaBP04 and MgHP04•3H2o under ethyl alCohol in an agate 
mortar. These mixtures were packed in gold envelopes, which L 
wer~crimped- shut. Those above 1053°c (the melting point 
72 
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TABLE 15. OPTICAL ilTD CRYSTALLOGRAPHIC PROPERTIES 
OF PHASES ON THE JOIN Ca2P2o7-Mg2P2o7. 
., 
Phase 
a. ... ,c:a. P .. O· 
.· ·'2 2-.:- 7· . ,• .. · ' 
'· 
Crystallographic 
properties (ASTM) 
Monoclinic 
ao+6.58 A. 
b 0 +8.28 A 
Co+9.08 A 
Z0 +4 
Ort·horhombic 
ao=B.524 l 
bo=l2. n46 ft~ 
Co=5 • J09 ~t 
zo=4 
Tetragonal 
a.c,=6.688 A 
Co=24. l8 .t 
Z=B 
Biaxial 
( Probably 
monoclinic) 
:,., 
Optical 
properties 
X=l.602 
Y=--1. 604 
Z=l.615 
(Weast,1966) 
X==l .584 
Y=l.599 
Z=l.605 
2V=50° 
Negative 
E=l.639 
vl=l. 630 
Posi ti·ve 
.,X=l. 623±. 002 
Y=l.? 
Z=l.633±.002 
Comments 
Length slow 
Extinc,-
ti·on+370 
#Iffi 46 
l.616 
.. . 
}1ean refractive 
index fo1.md to 
be 1.602 in 
this study 
Extinction 
approximate-
ly 27° 
~-
.... 
7.4 
of gold) were reacted in ceramic crucibles. Heating was 
j .• in a 11globar" furnace in which the temperature was 
maintained to ±10°C. The period of reaction·ranged rrom 
one-half hour at 1200°C to two months ~at 700°c. At the 
end of the reaction period, runs were removed from the 
furnace tube and water-~uenched within 15 seconds. Products 
were identified by X-ray diffraction and petrographic 
microscope. Although the pyrophosphates were formed at 
temperatures as low as 300°c, they were often still cloudy 
at 900Pa. Also, listed refractive indices f'or ca2P2o7 did 
not always agree with those of this ·study ( table 16), 
although X-ray data did. Roy, et al. (1948), although 
--
" reporting no refractive indices, explain discrepancies in 
their data as resulting from previous.mistaken identif'ica-
, 
tion of' S-Mg2P2o7 for y-Mg2P2 o7• This could be the case 
here i'or both compo,mds, although indices for the v-ca2 P2o7 have n~t been reported. As a result, X-ray methods alone 
' 
were used for much identification. 
Because the experiments were carried out under 
atmospheric pressure, preliminary tests were made to 
determine any effects of volatilization of P2o5 f'rom the pyrophospha.tes. Each compound was held at 1000°c, in air, 
for two weeks. Products of each charge were· the respective 
pyrophosphates with no extraneous phases detectable by 
optical, or X-ray methods. Tb.us, volatilization of' P 2o5 is insignificant for the temperature and the time of these 
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TABLE 16. REACTION PRODUCTS OF CHARGES ON THE 
JOIN ca2P2o7-11g2P2o7. 
Charge Temp. Reaction 
number oc %Mg2P207 %Ca2P2o7 prodl1ct 
75 , , 
P-6 1200 90 10 a.-Ca2P2o7+L P-4 • 80 20 CP+B+L~~ 
4'. P-5 ·70· 3·0- B+L ~ 
P-3 6:0 .40: A+B 
P-7 ·50 .50: A+B .... 
P-2 ltJJ ·60 B+MP+L 
P-1 2:0· ·a·o L+MP 
·10 ' ~p .. 6 11.50· 9·0- CP+B 
P-4 .80 20: CP+B 
P-5 70. \ 30· CP+B .. 
P-3 6:0 40:, CP+B 
P-7 50 50: CP+B ·.·.· 
P-2 40 :60 B+MP 
P-1 20 -80 :&f-!1P 
P-6 105:0. 90: :10 CP+B 
P-4 8d 
-fIO CP+B 
P-5 ·70 .:{o: CP+B 
P-3 60 :40: CP+B 
P-7 50 ,5,0: CP+B 
P-2 40 ·60· B+}1P . -. ~ 
P-1 20 a·o B+MP 
ivffi-27 1000, :10· 90 .. _· CP+B 
IIB-28 20 Bo CP+B 
MH-29 30 70 B 
• 1"1H-30 · 60 40. B+MP 
}ffi-31 70 30 B+MP 
-:rCP=~ -Cl;aP 2o7; MP=S-ivTg2P 2°7; B==intermediate phase; L=liqw. (} 
·'-' 
·, 
"\ 
I 
( 
~· 
TABLE 16. REACTION PRODUCTS OF CHARGES ON TEE JOIN Ca2P2o7-Mg2P2o7• (Cont'd) 
Charge , Temp. Reaction 
number oc %Mg2P207 %ca2P2o7 product 
l1H-J2 80 20 B+IviP 
ci MH-33 95 5 MP 
MH-55 1000°c 92 ·8 .. MP+B 
MH ... 56 94 ."t:> MP 
MH-57 96 4. MP .. 
MH-58 98 '2 MP ~ ., 
,. llli-59 88 12 MP+B 
}1H-60 86 14 MP+B 
MH-47 9,QO·P C} 10 90 CP+B 
MH-48 
.. ·zo.: 80 CP+B 
}lli-49 30, 70 CP+B 
MH-50 6"" ·o 40 B+11P 
TvIH-51 70. 30 B+}1P 
11H-52 .ao .. · 20 B+MP 
MH-53 95 5 B+I1P 
MH-lA 63 •.. 37 B+11P 
~ 
MH-60 :9:Qb;0 ·'C 86 14 MP+B 
MH-59 88 12 MP+B 
IvIH-55 92 8 MP+B 
MH~56 94 6 MP 
IvIH-57 "C).6·· 4 MP 
l·IH-58 IB 9>.· 2 MP 
MH-20 850°c 0 
-100- CP . -,·· 
MH-21 .1::0: 90 CP+B 
MH-22 15 . .. ~ . . . 85 CP+B 
MH-23 :20 80 CP+B 
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TABLE 16. REACTION PRODUCTS OF CHARGES ON THE JOIN Ca2P2o2-Mg2P2o7• (Cont'd) 
~ 
Charge TenJP. Reaction number oc 9bMg2P207 %Ca2P2o7 product 
~IH-4 25 75 B 
MH-24 35 65 CP+B ; 
MH-3 / ·?5:0 ·50 CP+B 
( 
I1H-25 70.· 30 B+MP 
MH-26 15 25. B+MP 
llli-5 80 20 B+!1P 
}TI1-/+0 ·a . o .•_oo.·-c 10 9·.Q CP+B 
MH-41 20 
·80· CP+B 
MH-42 30 ·70_ CP+B 
I1H-43 . ::6:Cj 
,::40 B+MP 
.... r-m-44 70: 30 B+MP 
MH-45 ·a:· ·-0 2(): \1B+:MP 
MH-46 95.· •· 5. }1P 
P-1 750°c 20 
.80 CP+B 
P-2 40 ,60- CP+B 
P-7 50 .50 CP+B 
P-3 6.0 40 MP+B 
P-5 70 30 11P+B P-4 80 20 IvlP+B 
P-6 90 10 }1P+B 
l,Ilf-40 7Q0°C 10 90 CP+B 
J'1H-4J. 20 
·8:0: CP+B 
11H-42 
.3.0 .. ·70 CP+B 
MH-43 60 40 MP+B MH-44 70 30 MP+B MH-45 80 20 :MP+B 
MH-46 95 
.5' .. ~(+B?) 
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experiments. 
Results 
.a 
·llJI':·. 
Reaction products or eighty-four experiments on the 
pyrophosphate join are given in table 16. In this table, 
ca2P2o7 and Mg2P2o7 are abbreviated to CP and MP 
respectively. An important aspect of this study is the 
. 
recognition of an intermediate phase, "B", heretofore 
unreported. 
It is apparent from table 16 that the coraposition 
:eif phase "B" lies between 50 mol per cent and 60 mol per 
,c·.ent }1g2P 2o7 in composition. Apparent deviations from 
·t.hi.s compositio:g., as in MH-4 at 850°C, are attributed to 
errors in mixing or labelling. Physical properties of 
phase 11B 11 ., along with those of ca2P2o7 and Mg2P2o7., are 
I given in table 15. X-ray diffraction data for this phase . 
. a.re listed in table 17, and compared to those for 
~-ca2P2o7 and 13.;.Mg2P2o7 in fig~e 21. 
Discussion of Results 
On the basis of the above results, an approximate 
./ 
phase diagram for the join ca2P2o7-Mg2P2o7 is shown 
(figure 22). The compositions of all charges are plotted 
in this diagram. Composition limits ~,ere determined only 
for Mg2P2o7 at 900°C and 1000°c. At other temperatures 
the data were insu.fficient to precisely determine the limit 
of solid solution. The melting temperature of phase "B" 
·,.', 
"·.I 
y 
! 
' ,: 
} 
<' 
' 
'd 
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TABLE 17. X-RAY -DIFFRACTION DATA FOR PHASE B. 
Degrees 
.29 
~ 
26.7 
28.9 
29.1 ~ 
29.3 
31.3 
32.6 
34.5 
--~ 
·' 
3.339 
3.089 
3.069 
3.048 
2-.858 
:2 .... 747: 
:2.-· :600 
. . .
I/I 0 
20 
60 
50 
30 
100 
10 
10 
',,t .·-·,,· 
' fl.'-" 
'(,~.:~; :··, .,,._.',.: ._·.~.: -~-',;__, -· 
79· 
. ·' ,- ... 
. .. . l 
Phase B 
~· : .. 
· .. 
-... · .•. ·. -- . . .. -- - ... -
· .. 
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Degrees 2Q 
Figure 21: Comparison or X-ray diffraction data for phases on the join ca2 P2o7-Mg2P2o7• 
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was not determined, but it is in excess of 1200° C. 
a-Ca2P2o7 was detected in runs above 1150°C, and 
s-ca2P2o7 below 1150°c. This accords with the 0, - S 
82· 
I 
· inversion as reported at 115.0°C (Ranby, et al., 1954} •.. 
--
The effects of magnesium on this inversion 1,-1ere not 
deterrrlined, Eutectic temperatures are lmown only to 
fall at or i-rithin 50°c below tn points drawn. 
r;a.tural pyropho spl1ate compo ds are unlmown. How-
e-ver, the alkaline earth _pyrophosphates are iraportant 
as phosphors, and their propert-i.es or: lum:inescence are 
related to the ionic radius of ·t,h·e·' c.ation involved 
(Ranby, et al., 1954). The i·ntermediate phase, B, is 
-- er· 
1,,, .,.,..·r 
uniq~e in having app.roxizyigte:lY equal amo1mts of two 
'¢.s3-t:t9ns of differ,ent ·ionic radius. As such, its use as 
. '· 
;,'·• 
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Introduction 
;,,.-. 
. , . 
. Numerous re.ferences to the phase I-rgHPo4 are found in the chemical literature, yet no tabulation of its 
_ properties is a.vailable. If such ·a compo1m.d did exist 
as a ur;tique pha.s~·,. it sho'Ulcl be c1etected as a dehydration 
product of newberryite, :f.1'gHP04•3H2o. However, differential 
ther1i1al analysis of newberryi te sho1-1s only an endotherraic 
reaction at 255° C due to the lo~s of JH2o (Manly, 1950), 
' 
and an exo·tn.ernlic refl.ction at 675±5°C has been interpreted 
as stabiliz.ation ·of the a.-Mg2P 2o7 structure ( Roy, et. al., 
1948). No reaction: was detected for decomposition of 
NgHPo4, and its decomposition temperature, if it exists, 
is not known. 
~laI'k ( 1965J showed that tlie impoJ>tance of time must 
'be c-on:s·iaered when dealing VtTi th such reac:ti'bh:s.·. He found i. 
that in i'our days, newberr!ite loses 28% H2o at 122±2°C, 
@d that :rrig2P2o7 first appeared at 380:!:2°C, indicating a 
slow decomposition of MgHPo4. C~ark suggested that any 
attempt to form a stable crystalline form of MgHPo4 would be most promising: in the 150°G to 200°c temperature range. 
These suggestions were followed in this study., and an 
. atte~t was made to determine its relations to the phas-e. 
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~eriments 
Starting materials consisted of analytical reagent 
CaHPo4 and newberryite (MgHP04°3H2o). The newberryite 
was prepared rrom analytical reagent chemicals fas 
.. 
described on page 72 . Charges were mixed from these 
>. ~ chenrlcals in the proportions· shovm in table 18. These 
were packed in gold tubes, which were then welded shut, 
and placed in cold-seal reaction vessels filled with 
distilled water. Tempera·ture was maintained at 200±5°C 
for a period of' 22 days. Total pressure was the water 
pressure of the system,less than one kilobar. At the end 
r of this period, the vessels were cooled to room tempera-
. tu.re within two minutes, and reaction products were 
examined by X-ray dif{raction and petrographic microscope. 
Results 
The characteristic.-s: ,of :r,eaction products are given in 
table 18. It will be noted that more than one phase is 
present in each charge. Calcium- or m.agnesium-pyrophosphates 
6 were detected in most charges, ralong with various unidentified 
phases. However, the predora:lnance of pha.·se B-, in charge~s 
1, 3, and 4, suggests that this phase shov1s the X-ray 
reflections given in table 19. Phase D had a mean 
" . . ·,·, ·. re~ractive index of 1.560±.004, low birefringence, 
prismatic rorm, and parallel extinction •. It is assumed 
that this phase is MgHPo4• However, further study, as 
.I 
. i 
' 
·.·a .. ··5_:_ .. ;. ' •! 
.. . 
TABLE 18. C01·IP0SI TIO!f AND REP .. CTI 01T PRODUCTS OF 
C!-IARGES ON THE JOIN CaHPo4 -1"IgHPo4 AT 200° C. 
Charge 
number 
/' 
l 
3: 
-~ ! 
4. 
.5· 
6 
9: 
(' 
10 
11 
"i.· 
I1ol% Mol% Reaction 
product 
Description of 
reaction product CaHPo4 MgHPo4 
o.o 
20.0 
30.0 
40.0 
~: 
50:_.·o 
Bo.a 
. ' 
90.0 
100 
,.' ·· ....... ~~ ,•; ' ... - ' ,;, . _.;_ 
100 
:8.o o 
. . .. 
70.···0· . . . . 
phase D 
' 
plus addi tiona.l 
phases 
As above . 
Fine prismatic 
crystals with parallel 
- extinction 
mean ref. index= 
1.560 
Biaxial pseudo-
hexagonal plates. 
n1=1.59J,n2=1.606 
As above 
As above 
''chunky'' fragment.a_;· 
n=l.584 
:6·0:.0 phase E phase E occurs as an 
overgr0wth on phase F 
phase F brownish, high bi-
plus phase D 
and addi ti anal 
phases 
5.0.0 As above 
20.0 phase D 
monetite 
(CaHPO ) . 
plus a~di tional 
phases 
.1-:0·.o As above 
0. 0 moneti te 
.. 
p yropho spl1ate 
( Ca2P2o7 ) 
refringence " 
mean n=l.524 
• .., •• ,_,,__ ~~~~-,-... .-..--,~-.......... ~N.Ji$<'."'",.-;_:,, ... u,.,,,,...,._.,,....,._~..,,..,:,...1t.1;;"J..•~,,-, 
·.' '' ~ . 
.. 
TABLE 19. X-RAY DIFFRACTION DATA FOR PHASE D 
l_ 
·\ 
-
29 
18.5 
19.5 
21.1 
22.2 
25. 8 ~ 
26.7 
27.3 
30.0 
31.2 
32.1 
34.0 
36.8 
39.3 
40.7 
.. 
a· 
0 
dA 
-
· 4. 796 
4.552 
4.210 
4.004 
.3.L~53 
3.339 
3.267 
2.979 
2.867 
2.788 
2.637 
2.442 
2.292 
2.217 
~ -~ . :' - ' 
' .. ·· 
I/I ~ 
0 
·c 
70 
10 
10 
10 
50 
·4··_··0.· .. ,: ; ., ··:' 
.50. 
!L0:0·: 
30 
40 
15 
10 
10 
10 
! ,._. 
. "' 
·, 
thermogravimetric analysis, is necessary to confirm 
this. The presence of this phase in charge #10 
suggests that Mg substitution in CaHPo4 is less than 
10%. 
, 
:, 
:I 
.r 
.,, ·-. ,.~ .. ,.,,.-.. ,,,.." .•. 
.. 
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DISCUSSION 
An aim of this study was to provide some knowledge 
of conditions under which marine phosphorites could form. 
, Replacement of calcium carbonate and direct precipitation 
from sea water are processes that have been proposed. 
Field evidence for both.mechanisms was presented more than 
fifty years ago by Mansfield (1927). Since then, many 
experimental studies have shown that both precipitation 
and replacement of calcium carbonate are possible)'1ays 
of forming apatite (e.g., Kazakov, 1950; A.mes, 1959). 
Resul_ts of the P.resent study which are pertinent to 
p·ho spho'ri te genesis are: 
\ 
(a) Direct precipitation of apatite is inhibited 
by magnesium in the solution, and does not occ\1r when 
the ratio of Mg/{ Ca+Mg) in the sol-ution is higher than 
0.30. 
(b) At pH between 7.5 and 8.o c:u1d Mg++ concentration 
higher than 10-2 •5M, bobbierite forms instead of' apatite. 
(c) _Apatite solubility is increased by magnesium in 
the solution. 
"\ Molar ratio of Mgt{ca+Mg) in average present-day sea 
water is 0.85 and the concentration of' Mg is 10-1 •27M , 
' 
,, (Mackenzie and Garrels, 1966). Assuming applicability of 
the present study to natural systems, possible alternative 
mechanisms for the .formation of' marine phosphor! tes are: 
., 
'I 
·'":'· 
.,. 
1. There was initial precipitation of amorphous 
calcium phosphate, which later recrystallized 
to apatite. 
2. Biochemical catalysis of precipitation, as 
proposed by McConnell (1965a), could overshadow 
aIJ.Y adverse effects of magnesium, so that 
apatite was directly precipitated. 
++ 3. Concentration of Mg in the sea water was 
lowered, permitting formation of apatite by 
either replacement of calcium carbonate or by 
direct precipitation. 
Evidence either for or against the first two 
• . alternatives is lacking. fiowever, the results of this 
study suggest that, if apatite did form by either of these 
-mechanisms, the presence of magnesium would promote their 
dissolution. Consequently, the third alternative seems 
likely. It can therefore be suggested that,in further 
investigations of marine phosphori tes, attention be 
directed to their detailed relations with dolorni te or 
other magnesium-rich strata. This could indicate if 
magnesium content of sea water truly does act as a cont-.rol 
·.· . on the formation of these deposits. 
·.,· 
,. 
' 
APPENDIX ) .~. 
,. ; 
,. 
Analytical Methods 
• 
Orthophosphate was determined gravimetrically as the 
quinoline phosphomolybdic salt 3c9~N·H3PMo12o40 , by a 
method used in the laboratories of the Fundamental Research 
V '1 Branch of the ~nnessee Valiey Authority°''~'. Both calci1..un 
' 
and magnesium were analyzed by EDTA titration as described 
, 
. I by Land (1966). Calcium was determined separately by using 
as an inclica.tor ( 2-Hydroxy-J.-( 2-Hydroxy-4-sul:fo-l-napthylazo)-
J-napthoic) acid. I! Calcium pl us magnesium were deterrnined 
by using Eriochrome Black T as indicator, and magnesium was 
'--
determined by difference. Water was obtained by a modified 
Peni'ield method, in which the sample was fused, without a 
flux, in a. silica tube. Carbon dioxide was determined by 
dissolving the sample in nitric acid and collecting the dry 
gas on ascarite. Sodium analyses were by flame photometry. 
) 
r 
·''-~'-' 
i, "Provided throl1gh the courtesy of John Lehr, TVA, ~Tilson~ Dar.~, Alabama. 
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